A significantly increased risk for dominant sensorineural deafness in patients who have Hirschsprung disease (HSCR) caused by endothelin receptor type B and SOX10 has been reported. Despite the fact that c-RET is the most frequent causal gene of HSCR, it has not been determined whether impairments of c-Ret and c-RET cause congenital deafness in mice and humans. Here, we show that impaired phosphorylation of c-Ret at tyrosine 1062 causes HSCR-linked syndromic congenital deafness in c-Ret knockin (KI) mice. The deafness involves neurodegeneration of spiral ganglion neurons (SGNs) with not only impaired phosphorylation of Akt and NF-κB but decreased expression of calbindin D28k in inner ears. The congenital deafness involving neurodegeneration of SGNs in c-Ret KI mice was rescued by introducing constitutively activated RET. Taken together with our results for three patients with congenital deafness with c-RET-mediated severe HSCR, our results indicate that c-Ret and c-RET are a deafness-related molecule in mice and humans. spiral ganglion neuron | syndromic congenital deafness | tyrosine kinase A bout 30% of the 120 million people worldwide who suffer from congenital (early-onset) hearing loss are syndromic, and the remaining 70% are nonsyndromic (1-3). To elucidate the etiologies for the hearing losses, inner ears have been morphologically investigated as one of the target tissues. The inner ears contain the organ of Corti and the stria vascularis. The stria vascularis serves to maintain the endolymph potential. The organ of Corti, which consists of two kinds of sensory cells (inner hair cells and outer hair cells) is responsible for mechanotransduction, by which sound impulses are converted into neural impulses. Auditory information from the sensory cells is transmitted to spiral ganglion neurons (SGNs) as the primary carrier, followed by eventual transmission to the auditory cortex (1, 2
A significantly increased risk for dominant sensorineural deafness in patients who have Hirschsprung disease (HSCR) caused by endothelin receptor type B and SOX10 has been reported. Despite the fact that c-RET is the most frequent causal gene of HSCR, it has not been determined whether impairments of c-Ret and c-RET cause congenital deafness in mice and humans. Here, we show that impaired phosphorylation of c-Ret at tyrosine 1062 causes HSCR-linked syndromic congenital deafness in c-Ret knockin (KI) mice. The deafness involves neurodegeneration of spiral ganglion neurons (SGNs) with not only impaired phosphorylation of Akt and NF-κB but decreased expression of calbindin D28k in inner ears. The congenital deafness involving neurodegeneration of SGNs in c-Ret KI mice was rescued by introducing constitutively activated RET. Taken together with our results for three patients with congenital deafness with c-RET-mediated severe HSCR, our results indicate that c-Ret and c-RET are a deafness-related molecule in mice and humans. spiral ganglion neuron | syndromic congenital deafness | tyrosine kinase A bout 30% of the 120 million people worldwide who suffer from congenital (early-onset) hearing loss are syndromic, and the remaining 70% are nonsyndromic (1) (2) (3) . To elucidate the etiologies for the hearing losses, inner ears have been morphologically investigated as one of the target tissues. The inner ears contain the organ of Corti and the stria vascularis. The stria vascularis serves to maintain the endolymph potential. The organ of Corti, which consists of two kinds of sensory cells (inner hair cells and outer hair cells) is responsible for mechanotransduction, by which sound impulses are converted into neural impulses. Auditory information from the sensory cells is transmitted to spiral ganglion neurons (SGNs) as the primary carrier, followed by eventual transmission to the auditory cortex (1, 2) . Most of the recent studies on hearing have focused on the expression level of a target molecule rather than activities in inner ears (1, 2) . Thus, there have been very few studies aimed at determining whether activities of a target molecule cause hearing losses.
The c-RET protooncogene encodes a receptor tyrosine kinase, and glial cell-derived neurotrophic factor (GDNF) is one of the ligands for c-RET (4). The GDNF exerts its effect on target cells by binding to a GPI-anchored cell surface protein (GFRα1), which, in turn, recruits the receptor tyrosine kinase c-RET to form a multiple-subunit signaling complex. Formation of this complex results in c-RET autophosphorylation and a cascade of intracellular signaling to control cell survival (4) (5) (6) (7) .
Tyrosine 1062 (Y1062) in c-Ret is one of the most important autophosphorylation sites for its kinase activation and is a multidocking site for several signaling molecules, including SHC, a transmitter for c-Ret signaling (8) (9) (10) . c-RET has been shown to be essential for the development and maintenance of the enteric nervous system (ENS) in both mice and humans (8, 9) and to be the most frequent causal gene of Hirschsprung disease (HSCR) in humans (20-25% of cases) (11, 12) . In fact, severe HSCR with total intestinal agangliosis has been shown to develop in homozygous knockin (KI) mice, in which Y1062 in c-Ret was replaced with phenylalanine (c-Ret-KI Y1062F/Y1062F mice) (6) . HSCR, which affects 1 in 5,000 births, is a congenital disorder of the ENS, and most cases are thought to be multigenic and multifactorial. A significantly increased risk for dominant sensorineural deafness in patients who have HSCR caused by endothelin receptor type B (EDNRB) (13) and SOX10 (14) has been reported (11, 12) . Despite the fact that c-RET is one of the responsible genes for HSCR, there is no direct evidence to link c-Ret and c-RET with deafness in mice and humans, presumably because of the short life span [postnatal day (P) 1-2)] of c-Ret homozygously deleted mice (15) to measure hearing levels.
In this study, we used c-Ret-KI Y1062F/Y1062F mice, which survive for 3-4 wk, and we focused on whether phosphorylation of c-Ret is relevant to hearing levels. Our results demonstrated that impairment of c-Ret phosphorylation causes syndromic congenital hearing loss with neurodegeneration of SGNs in c-Ret-KI Y1062F/Y1062F mice.
Results
Phosphorylation of c-Ret Y1062 in SGNs Increases in the Process of Hearing Development. We first examined the numbers of c-Ret protein expressed and Y1062-phosphorylated cells in inner ears from WT mice during the developmental stage of hearing after birth (Fig. 1) . We found that c-Ret protein and phosphorylated Y1062 were clearly detectable in SGNs from WT mice on P14 ( Fig.  1 A and B, arrows) . c-Ret protein was constantly expressed in SGNs throughout the hearing developmental stage after birth (P1-18) (Fig. 1C, Left) , whereas the number of Y1062-phosphorylated SGNs was greatly increased in SGNs around P6-7, several days before the WT mice acquire intact hearing levels (around P12) [ Fig. 1 C Right and D) . Other areas (e.g., inner and outer hair cells, stria vascularis) of inner ears showed phosphorylated Y1062 in c-Ret ( Fig. 1 A and B, arrowheads) , but morphological abnormalities in inner and outer hair cells and the stria vascularis in c-Ret KI Y1062F/Y1062F mice were hardly detected (Figs. S1 and S2). SGNs have been reported to play an essential role in hearing by transmitting auditory information from sensory cells of the cochlea to the central nervous system (16) . Therefore, we focused on the physiological roles in hearing level of phosphorylation of Y1062 in c-Ret tyrosine kinase in SGNs.
Congenital Deafness in c-Ret-KI Y1062F/Y1062F Mice. We next investigated tone burst-evoked auditory brainstem response (ABR) in c-Ret-KI Y1062F/Y1062F mice (6) to determine whether completely impaired phosphorylation of Y1062 in c-Ret kinase affects hearing levels. Thresholds for sound at 4-40 kHz in 18-d-old c-Ret-KI Y1062F/Y1062F mice [78-to 85-dB sound pressure level (SPL)] were much higher than those in littermate WT mice (20-to 55-dB SPL) ( Fig. 2A) . Latencies of all four ABR waves in c-Ret-KI Y1062F/Y1062F mice were also prolonged (Fig. 2B) . These results suggest that c-Ret-KI Y1062F/Y1062F mice suffer from severe congenital deafness. On the other hand, hearing levels in other KI mice, in which serine 697 (S697, a putative protein kinase A phosphorylation site) in c-Ret was replaced with alanine (c-Ret-KI S697A/S697A mice), resulting in a mild HSCR phenotype (lack of the ENS limited to the distal colon) (17) , were comparable to those in littermate WT mice (Fig. S3 ). These results demonstrate that early-onset syndromic deafness develops in c-Ret-KI Y1062F/Y1062F mice with severe HSCR (6) but not in c-Ret-KI S697A/S697A mice with mild HSCR (17) .
Neurodegeneration of SGNs in c-Ret-KI Y1062F/Y1062F Mice. We next performed morphological analyses of Y1062-mediated congenital deafness. The number of c-Ret protein-expressed SGNs in c-Ret-KI Y1062F/Y1062F mice and that in littermate WT mice were no different on P14 (Fig. 3A Upper) . The number of Y1062-phosphorylated SGNs was undetectably small in c-Ret-KI Y1062F/Y1062F mice, even on P14, compared with that in WT mice on P14 ( performed detailed morphological analyses of SGNs from c-Ret-KI Y1062F/Y1062F mice during the hearing developmental stage by transmission electron microscopy (TEM) (Fig. 3 E-H) . SGNs in c-Ret-KI Y1062F/Y1062F mice on P14 exhibited shrunken nuclei (Fig.  3F , red arrow) with discontinuous nuclear membranes (Fig. 3H , red arrow) and highly condensed heterochromatin in the peripheral area (Fig. 3H, yellow arrow) , whereas those in littermate WT mice had intact bilayer membranes of nuclei (Fig. 3 E and G,  red arrows) . c-Ret-KI Y1062F/Y1062F mice on P14 also showed gaps between SGNs and Schwann cells (Fig. 3F , blue arrows) compared with those in littermate WT mice (Fig. 3E, blue arrow) . On the other hand, no hallmarks for apoptotic signals in SGNs were found in either c-Ret-KI Y1062F/Y1062F mice or littermate WT mice on P8, P12, and P14 (Fig. S4) . S5B ). Hearing levels in c-Ret-KI Y1062F/Y1062F ;RET-Tg mice were comparable to those in littermate WT mice and were significantly improved compared with those in littermate c-Ret-KI Y1062F/Y1062F mice ( Fig. 4A and Fig. S5) . Correspondingly, the number of Y1062-phosphorylated SGNs in c-Ret-expressed SGNs and cell density of SGNs from c-Ret-KI Y1062F/Y1062F ;RET-Tg mice were comparable to those from littermate WT mice and significantly higher than those from c-Ret-KI Y1062F/Y1062F mice (Fig. 4 B-E). On the other hand, results of a previous study in vitro (19) and our results (Fig. S6) suggested that phosphorylated levels of Y1062 in c-RET modulate NF-κB activities via AKT phosphorylation levels in neural cells. In addition, impairments of NF-κB-mediating signaling have been shown to cause down-regulation of calbindin D28k, which contributes to neuronal survival, leading to neurodegenerative disorders (20) . Our results and the results of previous studies mentioned above encouraged us to determine immunohistochemically the phosphorylation levels of NF-κB and Akt and the expression levels of calbindin D28k in SGNs from c-Ret-KI Y1062F/Y1062F mice to analyze the etiology of c-Ret-mediated congenital hearing loss further. Results of this study in vivo showed that not only phosphorylation levels of NF-κB and Akt but expression levels of calbindin D28k were impaired in SGNs from c-Ret-KI Y1062F/Y1062F mice and were restored in SGNs from c-Ret-KI Y1062F/Y1062F
;RET-Tg mice (Fig. 5 ).
Discussion
In this study, we provide direct evidence that c-Ret is a congenital deafness-related molecule in mice. Our results partially correspond to results of previous studies showing that GDNF has a protective effect on antibiotics-induced ototoxicities (21) (22) (23) (24) . Mutation of c-Ret at Y1062 has been shown to fail to respond to GDNF in vitro (19) . However, previous studies have indicated that there is a Ret-independent signaling pathway stimulated by GDNF (5, 8, 25) . Moreover, it has not been determined whether impairment of c-Ret kinase activity affects hearing, even though it has been shown that c-Ret, GFRα1, and GDNF are expressed in auditory neurons (26, 27) . Our results strongly suggest that impaired phosphorylation of Y1062 in c-Ret without change in the expression level results in the development of congenital hearing loss with neurodegeneration of SGNs in mice. We further demonstrated congenital hearing loss in human patients with c-RETmediated HSCR. Thus, this study indicated the importance of considering the activity as well as the expression of the target molecule to elucidate the etiologies of hereditary deafness.
This study demonstrated that c-Ret-KI Y1062F/Y1062F mice had severe congenital deafness with neurodegeneration of SGNs, resulting in decreased numbers of SGNs on P8-18 ( Figs. 2 and 3) . In contrast, the number and morphology of SGNs were comparable between c-Ret-KI Y1062F/Y1062F mice and WT mice on P2-3 ( Fig. 3  C and D) . These results suggest that SGNs even from c-Ret-KI Y1062F/Y1062F mice developed normally at least until P3, when Y1062 phosphorylation in c-Ret of SGNs from WT mice was undetectable, but those from c-Ret-KI Y1062F/Y1062F mice no longer survived on P8-18, when the level of Y1062 phosphorylation in cRet of SGNs from WT mice was high (summarized in Fig. S7 A-C) . Y1062 phosphorylation in c-Ret has been reported to mediate several biological responses, including survival of neuronal cells (8, 19) . We therefore conclude that complete impairment of Y1062 phosphorylation in c-Ret affects survival of SGNs during the late stage of hearing development after birth in mice (around P8-18).
Our results further demonstrated that c-Ret-mediated congenital hearing loss involves impaired activities of Akt and NF-κB, with impaired expression of calbindin D28k in SGNs (Fig. 5) . The impairments of these molecules in SGNs from c-Ret-KI Y1062F/Y1062F mice were clearly rescued by introducing constitutively activated RET (Fig. 5) . These results partially correspond to results of a previous study in vitro and in vivo showing that GDNF induces expression of calbindin D28k, which promotes neural survival, via Akt/ NF-κB signaling in substantia nigra neurons (28) . Thus, our results suggest a mechanistic model for c-Ret-mediated congenital deafness in which impairments of the c-Ret-mediated signaling pathway cause decreased expression of calbindin D28k via Akt/NF-κB signaling, resulting in auditory nerve degeneration (summarized in Fig. S7 D and E) . The neurodegeneration of SGNs from c-Ret-KI Y1062F/Y1062F mice did not involve the hallmark of apoptotic signals (Fig. S4) . The results of a previous study also showed that neurodegeneration of postmigratory enteric neurons did not involve apoptotic signals during the developmental stage in mice with conditional ablation of c-Ret (29) .
Hearing losses in three patients with HSCR were previously reported (30) . Because the causal genes in patients who have HSCR have not been identified, we performed mutational anal- ;RET-Tg) with Kluver-Barrera staining. (Scale bars: 20 μm.) (E) Cell density (mean ± SE) of SGNs from three mice of each mouse strain is presented. The method for staining and estimating the percentage and the cell density is described in detail in Materials and Methods. Significant difference (*P < 0.01; † P < 0.05) from the control was analyzed by the Kruskal-Wallis H test (A, C, and E). ;RFP/RET mice (YF/YF;RETTg) is presented. The method for estimating the percentage is described in detail in Materials and Methods. Significant difference ( † P < 0.05) from the control was analyzed by the Kruskal-Wallis H test in B-D.
ysis in this study for RET, GDNF, neurturin (NTN), SOX10, EDNRB, and endothelin 3 (ET-3) genes of patients with HSCR, as listed in Table S1 . We found that the patients with HSCR who have hearing losses have mutations only in RET among the above genes ( Fig. S8 and Table S1 ). The results obtained with c-Ret KI mice demonstrate that impairments of Y1062 phosphorylation in c-Ret cause congenital hearing loss ( Fig. 2 and 4) , whereas normal hearing is maintained with even complete impairment of S697 phosphorylation in c-Ret (Fig. S3) . In humans, we found hearing impairments in three patients with severe HSCR, including two male patients with homozygous and heterozygous mutations at arginine 969 located in c-RET kinase domains and one male patient with a nucleotide deletion at RET codon 13, resulting in a frameshift and termination at codon 22. No hearing impairments were found in patients with other heterozygous missense mutations at codons 30, 144, 489, 734, 897, and 942 (Table S1 ). Therefore, these results suggest that impairments of c-Ret and c-RET cause hearing losses in mice and humans in a site-dependent manner. Further study is needed to determine the correlation between mutational sites of c-Ret and c-RET and hearing losses in mice and humans.
We finally demonstrated that congenital hearing loss involving neurodegeneration of SGNs in c-Ret-KI Y1062F/Y1062F mice was rescued by introducing constitutively activated RET (Figs. 4 and 5) . Despite a significantly increased risk for syndromic deafness in patients with HSCR (11, 12) , no effective therapies for deafness have been established. Therefore, our findings will be useful for the development of therapeutical strategies targeting c-RET kinase against hearing impairments.
Materials and Methods
Mice. c-Ret-KI Y1062F/Y1062F mice (6), c-Ret-KI S697A/S697A mice (17) , and RET-Tg mice of line 242 (18) were previously reported. There are no reports about hearing levels in these strains except a previous report showing that hearing levels in 10-wk-old RET-Tg mice and littermate WT mice were comparable (31) . In this study, c-Ret-KI Y1062F/+ ;RET-Tg mice were newly established by crossing the c-Ret-KI Y1062F/+ mouse with the RET-Tg mouse. All experiments were authorized by the Institutional Animal Care and Use Committee of Chubu University (approval no. 2210038) and the Institutional Recombinant DNA Experiment Committee of Chubu University (approval no. 06-01) and followed the Japanese Government Regulations for Animal Experiments.
Measurement of Hearing. ABR measurements (AD Instruments Pty. Ltd.) were performed as described previously (30, 32) . Tone burst stimuli were measured at 5 dB stepwise from 0-dB SPL to 70-or 90-dB SPL. The threshold was obtained by identifying the lowest level of I wave of ABR recognized. Data are presented as mean ± SE.
Morphological Analysis with a Light Microscope. After perfusion fixation with Bouin's solution, cochleae from 0.5-to 21-d-old mice were immersed in the same solution overnight and for 1 wk, respectively. Kluver-Barrera staining was performed with paraffin sections. Immunohistochemical analyses with polyclonal antibodies against c-Ret protein (1:150; Immuno Biological Laboratories), phosphorylated c-Ret Y1062 (1:150) (33), Akt (1:300; Cell Signaling), phosphorylated Akt (1:50; Cell Signaling), and phosphorylated NF-κB p50 (1:50; Santa Cruz) were performed on frozen sections with Can Get Signal immunostaining solution (TOYOBO). Immunohistochemical analysis with polyclonal antibodies against NF-κB p50 (1:100; Santa Cruz) and calbindin D28k (1:150; Chemicon) was performed for paraffin sections. For the detection of NF-κB p50, the paraffin sections were treated with 10 mM sodium citrate (pH 6.0) for 10 min at 90°C for antigen retrieval. For the detection of calbindin D28k, the paraffin sections were treated with 10 mM sodium citrate (pH 6.0) for 10 min at 90°C for antigen retrieval, and Can Get Signal immunostaining solution was used as dilution buffer. The VECTASTAIN ABC kit (Vector) and Envision kit/HRP (diaminobenzidine; DAKO) were used in each immunohistochemical analysis with counterstained hematoxylin. Immunohistochemical estimation of the percentage of positive SGNs detected by antibodies was calculated using the software program WinROOF (Mitani Corp.), as previously reported (34) . In brief, the number of immunohistochemically positive SGNs was divided by the total number of SGNs in each Rosenthal's canal from three or four mice for each mouse strain. In total, 160-200 SGNs were counted for each evaluation of cell density and percentage. In the case of immunohistochemical estimation of phosphorylated protein, percentage (mean ± SE) was calculated by dividing the number of phosphorylated SGNs by the number of the protein-expressing SGNs in each Rosenthal's canal from three or four mice for each mouse strain. Estimation of the cell density of SGNs with Kluver-Barrera staining basically followed the previous method (35, 36) . In brief, the area of Rosenthal's canal in five sections from each mouse was measured with the software program WinROOF. The cell density of SGNs from three or four mice for each mouse strain was calculated by dividing the cell number of SGNs in the measured Rosenthal's canal by the area. In total, 160-200 SGNs in five sections from each mouse were examined. In total, 160-200 SGNs were counted for each evaluation of cell density and percentage.
Morphological Analysis by TEM. Preparation of tissues for TEM basically followed the previous method (35) . In brief, after perfusion fixation with a fixative solution I containing 2% (vol/vol) paraformaldehyde, 2% (vol/vol) glutaraldehyde and 0.3 M Hepes (pH 7.4), dissected murine cochleae were immersed in the same fixative solution overnight at 4°C. The cochleae were then fixed with a fixative solution II containing 2% (vol/vol) osmium tetroxide and 0.3 M Hepes (pH 7.4) at 4°C for 3 h. After rinsing off the fixative solution, the cochleae were dehydrated with a graded series of ethanol and embedded in epoxy resin (Quetol 651; Nisshin EM). Ultrathin sections (thickness = 70 nm) were observed under an electron microscope at 80 kV (JEM1200EX; JEOL).
Mutational Analysis in Patients with HSCR. We analyzed mutations of RET, GDNF, NTN, SOX10, EDNRB, and ET-3 genes in DNA samples from 15 children with total colonic aganglionosis, as described previously (37) . Amplification was accomplished with a reaction mixture containing 100 ng of lymphocyte DNA, 2.5 μM each set of primers, 200 μM dNTP, 10 mM Tris HCl (pH 8.3), 1.5 mM MgCl 2 , 50 mM KCl, and 1.0 U of Taq DNA polymerase. Thermocycling conditions consisted of denaturation at 95°C for 9 min, 45 cycles of annealing at 60°C for 2 min, and extension at 95°C for 30 s, followed by a denaturing step at 60°C for 3 min in an automatic thermocycler (GeneAmp PCR System 2400; Perkin-Elmer). The DNA sequencings were carried out by the direct dyedeoxy terminator cycle method using a fluorescent automatic DNA sequencer (Model 373A DNA Sequencing systems; Applied Biosystems).
Ethical Considerations. The study was approved by the Ethics Committee of Chubu University (approval no. 20008-4) and conducted according to the Declaration of Helsinki. All patients gave voluntary written informed consent.
Statistics. Significant difference (*P < 0.01; † P < 0.05) from the control was analyzed by the Mann-Whitney U test (Figs. 2 and 3 ) and the Kruskal-Wallis H test (Figs. 4 and 5 ).
